ABSTRACT
B lymphopoiesis progresses through a developmental program that links the ordered rearrangement of Ig gene segments with cellular expansion and differentiation events (1) . During this program, B220 ϩ CD43 ϩ pro-B cells undergo rearrangement of Ig heavy chain (HC) D to J H gene segments, followed by V H to DJ H rearrangement. The expression of HC proteins encoded by a functionally rearranged HC gene represents an important developmental checkpoint during B lymphopoiesis, in which HC proteins complex with the surrogate light chain (LC) proteins (V preB and 5) to form the pre-B cell receptor (pre-BCR) (2) . The expression of the pre-BCR activates a number of processes, including differentiation of pro-B cells to the B220 ϩ CD43 Ϫ pre-B stage at which most Ig LC variable region gene assembly occurs. Although some LC gene rearrangements can occur in pro-B cells before expression of Ig HC (3, 4) , it is clear that expression of a productively rearranged HC gene in some way leads to the transcriptional activation and rearrangement of the Ig LC loci in pre-B cells (5) (6) (7) (8) (9) . Expression of an Ig LC protein that can functionally pair with the pre-existing HC leads to BCR expression and differentiation of pre-B cells to immature B lymphocytes, which may then move to the periphery.
The role of HC in promoting pro-B cell differentiation and Ig LC gene rearrangement has been studied by complementation of mutant mice with HC transgenes. Expression of a rearranged HC transgene in the recombination activating gene 1 (RAG-1)-or RAG-2-deficient (RAG-1⌬ or RAG-2⌬) backgrounds, in which B cell development is arrested at the pro-B cell stage because of the inability to initiate V(D)J recombination, resulted in progression of RAG⌬ pro-B cells to the pre-B cell stage whereas LC gene rearrangement remained blocked due to the V(D)J recombination defect (10, 11) . However, expression of a rearranged HC transgene in the J H -deleted (J H ⌬) background, which also arrests B cell development at the pro-B cell stage, resulted in peripheral BCR ϩ B cell populations with diverse, endogenous Ig LC gene rearrangements (12) . Although these studies clearly demonstrated that the HC can signal the differentiation events associated with the pro-B to pre-B transition, the nature of the downstream effector pathways remains to be elucidated.
During normal B cell differentiation, LC gene rearrangement normally precedes that of LC genes. Thus, in normal B lineage cells, LC gene rearrangement usually does not occur unless both genes are aberrantly rearranged. Correspondingly, gene rearrangements occur in nearly all peripheral B lineage cells, whereas gene rearrangements occur in only Ϸ5% (13) . The preferential rearrangement of vs. LC genes has been argued to be due to either an ordered sequence of vs. gene rearrangement or a stochastic process in which there is a much higher probability of vs. gene rearrangement (14, 15) . Ig LC gene rearrangement also is subject to allelic and isotype exclusion; only one of the multiple and LC alleles is functionally rearranged in a given B cell to form a LC that associates with the HC to form a BCR (14, (16) (17) (18) . In this regard, assembly of the BCR has been postulated to signal down-regulation of V(D)J recombination activity (RAG gene expression) and, potentially, LC gene accessibility to ensure the shut-down of further Ig gene rearrangement and maintain allelic exclusion (13) . In addition, formation of a stable BCR appears to be crucial for mature B lymphocyte survival (19) .
To further elucidate the relative functions of Ig HC, Ig LC, the BCR, and potential downstream effectors in signaling various events associated with B cell differentiation, it would be of interest to have a system in which peripheral B cell development and LC gene rearrangement could be reproducibly induced in the absence of HC or BCR expression. In this context, we have focused on the potential role of Rasdependent signaling, which has been shown to be induced upon cross-linking of the mature BCR in lymphocyte cell lines (20, 21) . Recently, we have demonstrated that activated Ras expressed in the RAG-1⌬ background could mediate developmental progression of RAG-1⌬ pro-B cells to B lineage cells that share characteristics of the pre-B and mature B cell stages (22) . Therefore, we hypothesized that in J H ⌬ pro-B cells, which are unable to synthesize HC but are V(D)J recombination- (22) together with 1 g of linearized pGK-hygro essentially as described (12) . Cells were selected in 170 g͞ml hygromycin B (Boehringer Mannheim). Drug-resistant ES colonies were picked and subcloned for injection into RAG-2⌬ blastocysts as described (12) . RAG-2⌬ chimeras were maintained in a pathogen-free environment and were analyzed at 4-6 weeks of age. Fluorescence-activated cells sorter analysis of bone marrow, spleen, and lymph nodes was carried out as described (22, 24) . Reverse transcription-PCR analyses were performed as described (22) . Western blot analyses of protein lysates prepared from single-cell splenocyte suspensions were performed as described (22) by using an anti-Ha-ras mAb (clone F235; Calbiochem).
MATERIALS AND METHODS

ES
Analyses of LC Rearrangement. DNA was isolated from spleen, kidney, murine embryonic fibroblasts, or sorted B220 ϩ Ly 9.1 ϩ B lineage cells by using proteinase K digestion as described (25) , except that the DNA was subjected to phenol extraction before ethanol precipitation.
For PCR analyses of LC gene rearrangement, the total amount of input DNA was held constant at 50 ng, with murine embryonic fibroblast DNA added to decreasing amounts of B cell DNA to maintain equivalent total DNA concentrations in a given reaction. PCR reactions (50 l) contained: 1ϫ PCR buffer, 200 M dNTPs, 2 M sense and antisense oligonucleotide primers, 100 g͞ml BSA, and 0.5 units of Taq polymerase (Qiagen, Chatsworth, CA). The PCR conditions were as follows: 96°C for 2 min, followed by cycling at 94°C for 30 sec, 60°C for 1 min, and 72°C for 1.5 min. The number of cycles was varied from 15 to 30 to determine the linear range of amplification for each primer pair. A degenerate V primer was employed with a J2 primer (26) for 20 cycles to detect a 536-bp VJ1 rearrangement; a VJ2 rearrangement of 120 bp was also detected. A glyceraldehyde-3-phosphate dehydrogenase oligonucleotide primer pair was employed in 15 cycles of amplification to standardize DNA quantity (27) . PCR products were resolved on 2% agarose gels and subjected to Southern analysis as above using a HindIII germline J probe (28) and a glyceraldehyde-3-phosphate dehydrogenase cDNA probe. PCR primers to detect VJ1 rearrangements (29) were as follows: V, 5Ј-GCCATTTCCCAGGCTGTTGTG-ACTCAGG-3Ј; and J1, 5Ј-ACTCACCTAGGACAGTCAG-TTTGGTTCC-3Ј. PCR conditions were as above, for 24 cycles. An XbaI͞HindIII V1 germline fragment, which crosshybridizes to V2, was used for Southern blot analysis (30) . Densitometry was performed by using a Molecular Dynamics PhosphorImager with quantitation using IMAGEQUANT software.
For genomic Southern analysis of LC gene rearrangements, 7-10 g of sorted B220 ϩ Ly 9.1 ϩ genomic DNA was digested with HindIII. Digestion products were resolved on a 0.9% agarose gel for Southern analysis with the germline J probe described above. A c-myc exon 2 PstI fragment (31) was used to standardize for DNA content. Densitometry and quantitation were performed as above. The percentage of germline J retention was calculated by determining the ratio of J to c-myc intensity. For nonrearranging tissue (kidney), the ratio was set to 100% retention. For B lineage cell samples, the J to c-myc ratio in sample was divided by the ratio in kidney, and the result expressed as a percentage of germline observed in kidney.
Amplified V-J sequences were cloned into pT7blue (Novagen) and sequenced by using the T7 primer. Sequences were compared with the GenBank database to identify the most homologous germline (or rearranged) counterpart.
RESULTS
Developmental Progression of J H -Deleted Pro-B Cells by Activated Ras. RAG-1⌬ or RAG-2⌬ mice lack both B and T cells because of the inability to initiate V(D)J recombination in progenitor lymphocytes (32, 33) . In contrast, germline J H ⌬ mice, as well as somatic chimeric mice made by injecting J H ⌬ ES cells into RAG-2⌬ blastocysts, have normal T cell development but blocked B cell development at the pro-B cell stage as a result of the inability to generate a HC protein needed to drive further differentiation (3, 12, 23) . To assay the capacity of B lineage cells to undergo differentiation in the absence of HC expression, we used RAG-2⌬ blastocyst complementation (12) to assay J H ⌬ ES cells that had been transfected with pERasV12, a construct containing an Ig variable region promoter and HC enhancer that drive expression of an activated c-Ha-Ras V12 cDNA (34) . The resulting chimeric mice are referred to as RAG-2⌬͞Ras-J H ⌬ mice. In such mice, B lineage cells beyond the pro-B cell stage must derive from the Ras-J H ⌬ ES cells; for the studies described, expression of the Ly 9.1 surface marker was used to ensure the ES cell origin of putative Ras-J H ⌬ B lineage cells (data not shown). In addition, because Ha-ras is not normally expressed in wild-type lymphocytes (35), we were able to use an anti-Ha-ras mAb in Western blot analyses of splenocytes from these chimeras to verify the expected expression of the activated Ras transgene (data not shown).
Flow cytometry analyses of bone marrow from RAG-2⌬͞ Ras-J H ⌬ chimeras revealed a population of B220
cells not observed in RAG-2⌬ or J H ⌬ mice; such cells were also found in lymph nodes and spleens of the RAG-2⌬͞ Ras-J H ⌬ chimeras in quantities that approached those found for mature Ig-expressing B lymphocytes in wild-type mice ( Fig.  1 and data not shown) . In the bone marrow and periphery, Ras-J H ⌬ B cells up-regulated certain surface markers often associated with more mature stages of B cell development, such as CD22, CD23, and CD21͞CD35 ( Fig. 1 and data not  shown) . To further delineate the stage of maturation of Ras-J H ⌬ B cells, we used a semiquantitative PCR assay to estimate expression levels of the 5, RAG-1, and RAG-2 genes, which normally are expressed in pro-B and pre-B cells but generally down-regulated in mature B lymphocytes (4, 36) . This assay indicated that both RAG-1 and RAG-2, as well as 5, were expressed in peripheral Ras-J H ⌬ B lineage cells at levels comparable with those in wild-type pre-B cells (Fig. 2  and data not shown) .
Ig LC Gene Rearrangement in Ras-J H ⌬ B Lineage Cells. By expressing activated Ras in the J H ⌬ background, we were able to generate HC-deficient, recombination-competent B lineage cells that progressed beyond the HC developmental checkpoint when LC gene rearrangements are induced. Therefore, we were able to further examine whether activated Ras signaling in such cells resulted in rearrangement of Ig LC loci. Populations of Ras-J H ⌬ and wild-type mature B cells were purified by cell sorting from lymph nodes and spleen. Genomic DNA samples from these sorted populations and DNA from a nonlymphoid tissue (kidney) were then digested with HindIII and assayed by Southern blot analysis for hybridization to a probe that encompasses the germline J genes. The germline HindIII DNA fragment harboring the J segments is 2.8 kb; V to J rearrangements would result in the generation of novel- sized J-hybridizing HindIII fragments. Therefore, the extent of J rearrangement in a population of B lineage cells can be estimated by the extent to which the signal of the germline J fragment is diminished. Consistent with previously reported observations for the range of J rearrangement levels in mature B lymphocytes (37, 38) , the J germline signal was reduced to 45% of the kidney signal in purified mature peripheral wild-type B cells. Notably, Ras-J H ⌬ B lineage cell DNA yielded a similar reduction in the intensity of the germline J signal, with reduction in intensity to Ϸ40% that in kidney (Fig. 3B) .
As an independent approach to assess J rearrangement, we used a semiquantitative PCR assay to quantify the relative level of V-J1 joins in Ras-J H ⌬ vs. wild-type mature B cells. These analyses demonstrated that the levels of such rearrangements were similar in these two types of cell populations (Fig.   3A ). In contrast, only a very low level of gene rearrangement (in only 1% of B220 ϩ cells) was observed in PCR assays of DNA from total bone marrow in J H ⌬ germline mice (23) . Finally, DNA sequencing of V-J joins from Ras-J H ⌬ peripheral B lineage cells revealed substantial diversity in V usage, arguing against the presence of a monoclonal proliferation of B lineage cells (Fig. 4) . We conclude that the LC locus in Ras-J H ⌬ B lineage cells is substantially, but not completely, rearranged, with the extent of rearrangement being similar to that of mature wild-type B cells.
In normal B cell populations, only Ϸ 5% of the cells have rearranged LC genes (13) . To assess the effects of activated Ras expression on LC gene rearrangement, we used a semiquantitative PCR assay to estimate the relative level of V-J1 rearrangements in normal and Ras-J H ⌬ B lineage cells. Although these assays detected V-J1 rearrangements in Ras-J H ⌬ B lineage cells, the level of these rearrangements was not substantially above that observed in wild-type B lineage cell populations (Fig. 5) . A System to Study Regulation of Ig LC Gene Rearrangement. It has been proposed that signals generated from the BCR feedback to cause cessation of endogenous LC gene rearrangement (effecting allelic and isotype exclusion) by suppressing V(D)J recombinase (RAG) expression, making the endogenous LC variable region genes inaccessible, or both (14, 39) . In this context, one potential prediction of the ability to activate Ig LC rearrangement in HC-deficient B lineage cells would be that the absence of a negative signal ordinarily generated by the BCR might lead to substantially increased extents of and͞or locus rearrangements (and allelic inclusion). However, we find that rearrangement of both the and Ig LC loci in Ras-J H ⌬ B lineage cells appears to have proceeded to an extent similar to that observed in mature wild-type B lymphocytes. Therefore, these findings suggest that the differential regulation of the rearrangement of Ig vs.
DISCUSSION
LC gene loci, and, at least approximately, the extent of rearrangement within these loci, are maintained in Ras-J H ⌬ B lineage cells and that HC expression is not required to effect this regulation. Clearly, the persistence of germline LC alleles in Ras-J H ⌬ B lineage cells shows that rearrangements did not proceed to completion in either LC locus, as might be expected if activated Ras expression resulted in completely deregulated rearrangement (Fig. 3B and data not shown) . In this regard, it is significant that RAG-1 and RAG-2 expression levels in Ras-J H ⌬ B lineage cells appear comparable with those in wild-type pre-B lymphocytes, thus arguing against limiting amounts of V(D)J recombinase as an explanation for the apparent cessation of LC rearrangement.
Our current analyses of Ras-J H ⌬ B lineage cells suggest a role for signaling pathways downstream of activated Ras in effecting Ig LC gene rearrangement and also suggest the possibility of unanticipated accessibility-related mechanisms that may govern the extent of and LC gene rearrangements. One potential scenario to explain our data is that activated Ras expression has somehow led to the activation of LC gene accessibility, but that peripheral Ras-J H ⌬ B lineage cells, perhaps in association with factors related to movement to the periphery, may have then down-regulated accessibility of endogenous LC loci even though activated Ras and RAG gene expression are retained. Clearly, additional analyses of Ras-J H ⌬ B lineage cells will be necessary to clarify such possibilities. For example, studies of and gene rearrangement in FIG. 4 . V-J sequence analysis from Ras-JH⌬ B lineage cells purified from lymph node and spleen. Sequence at the V-J junction is depicted, with five J1 joins (11-13, 15, 16) and one J4 join (11.1) shown. The GenBank accession number of the most homologous V germline sequence is indicated, and the sequence shown extends to the V germline exon-intron border. Identity with the V germline or J sequence is indicated by dashes, and nucleotide differences are indicated. Note that for several V sequences, substantially greater homology was found in the database for sequences of rearranged and͞or expressed LC alleles (data not shown). PCR analysis was performed on DNA isolated from B220 ϩ Ly 9.1 ϩ Ras-JH⌬ (Ras-JH Ϫ͞Ϫ ) and wild-type peripheral B lineage cells purified by cell sorting of lymph node and spleen. A titration of B cell DNA is shown after Southern blot analysis using a germline V1 probe that cross-hybridizes to V2; the total amount of DNA was held constant at 25 ng in each sample through the addition of murine embryonic fibroblast (MEF) DNA.
